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EXPANDING  WSTIACS  KEY  DOD  STRATEGIC  AREAS 
In  2007  the  Weapon  Systems  Technology  Information 
Analysis  Center  (WSTIAC)  revealed  the  “WSTIAC  10”  - 
ten  strategic  areas  critical  to  the  Department  of  Defense 
(DoD)  in  which  WSTIAC  provides 
focused  support.  Since  this  introduction, 
WSTIAC  has  offered  enhanced  expertise 
and  information  for  these  ten  areas  as  they 
relate  to  the  technological  advancement  of 
weapon  systems. 

Recently,  WSTIAC  identified  an  addi¬ 
tional  area  of  strategic  importance  to  the 
DoD:  Maritime  Surveillance.  Maritime 
surveillance  has  been  defined  as  the  sys¬ 
tematic  observation  of  surface  and  subsur¬ 
face  sea  areas  by  all  available  means  for  the 


Directors  Comer 


purpose  of  locating,  identifying  and  monitoring  surface 
ships,  subsurface  vehicles  including  submarines  and  other 
vehicles  in  the  maritime  environment.  [1]  The  methods  of 
surveillance  involve  the  systematic  use  of  visual,  aural,  and 
electronic  means  and  other  sensors  and  detection  technology 
to  gather  data  and  information  about  sea-borne  vessels. 

The  challenges  associated  with  maritime  surveillance  can 
be  summarized  simply  by  the  recognition  of  the  vast  space 
that  the  maritime  environment  occupies  compared  to  the 
size  of  current  threats  that  US  forces  face.  This  enormous 
maritime  environment  not  only  includes  different  media 
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(i.e.,  water  and  air)  through  which  energy  used  by  sensor  and 
detection  technology  must  propagate,  but  the  environment 
is  not  static;  it  is  dynamic.  As  threats  evolve  over  the  course 
of  the  21st  century,  so  too  must  the  tools  to  detect,  identify 
and  monitor  them  in  order  for  the  US  military  to  successful¬ 
ly  carry  out  their  defense  mission. 

Technological  advancements  have  brought  maritime  sur¬ 
veillance  to  the  forefront  of  important  defense  capabilities, 
and  it  was  recognized  as  a  critical  area  in  which  the  weapon 
systems  technology  community  could  provide  integral  sup¬ 
port.  Technology  that  enables  improved  maritime  surveil¬ 
lance  has  obvious  strategic  value,  and  thus  WSTIAC  offers 
enhanced  expertise  and  capabilities  in  this  key  area.  To  learn 
how  WSTIAC  can  assist  you  within  the  area  of  maritime  sur¬ 
veillance  or  any  of  the  other  strategic  areas,  visit  our  website: 
http://wstiac.alionscience.com. 

This  issue  of  the  WSTIAC  Quarterly  features  an  article  on 
the  increasingly  important  small  unmanned  ground  vehicles 
(SUGVs).  Ground  robots  have  already  demonstrated  their 
value  on  the  battlefield,  and  are  expected  to  save  soldiers’ 
lives  for  years  to  come. 

The  second  article  in  this  issue  provides  important  detail 
on  emerging  nuclear  technology.  While  the  system  in  the 
article  is  discussed  at  a  level  not  limited  to  any  single  appli¬ 
cation,  the  evolution  of  nuclear  power  technology  has  poten¬ 
tial  implications  in  the  defense  industry. 

John  Weed,  WSTIAC  Director 
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2001  (Amended  August  2009). 
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Future  Combat  Systems  v  V 

Small  Unmanned  Ground  Vehicle  l'J 
Teleoperation  Experiment  Results  /  J 

Barry  O’Brien 
Jesse  Kovach 
US  Army  Research  Laboratory 
Adelphi,  MD 


INTRODUCTION 

With  the  Army’s  Future  Combat  Systems  (FCS)  transformation 
effort  well  underway,  one  is  hard-pressed  to  find  a  system  or  com¬ 
ponent  that  has  not  been  rethought  and  redesigned  in  some  way. 
This  is  especially  true  in  unmanned  vehicles,  where  all  of  the  pro¬ 
posed  platforms  are  being  developed  from  scratch.  Specifically, 
the  Small  Unmanned  Ground  Vehicle  (SUGV)  will  be  an  all  new 
platform,  and  unlike  prior  fielded  man-portable  robotic  systems, 
the  SUGV  will  be  required  to  use  a  common  radio  for  communi¬ 
cating  with  its  operator  and  the  FCS  network  environment.  [1] 

The  radio  that  an  unmanned  vehicle  uses  to  communicate 
with  its  operator  can  act  as  either  an  enabler  or  the  limiting 
factor  of  the  platform’s  performance.  With  poor  performance 
and  low  usable  bandwidth,  the  platform  becomes  little  more 
than  a  very  expensive  remote-controlled  car.  FTowever,  with 
enough  bandwidth  and  performance  a  platform  can  provide  real¬ 
time  intelligence,  surveillance  and  reconnaissance  (ISR)  informa¬ 
tion  to  the  people  responsible  for  making  decisions  to  act  on  it, 
which  makes  the  unmanned  vehicle  an  incredible  asset  to  the 
warfighter. 

The  FCS  program  proposes  to  use  the  Joint  Tactical  Radio 
System  (JTRS)  Solider-Level  Integrated  Communications  Envi¬ 
ronment  (SLICE)  radio  to  be  the  SUGV  radio  solution  operating 
with  the  Soldier  Radio  Waveform  (SRW).  The  FCS  Network 
Analysis  and  Integration  Laboratory  (NAIL)  conducted  the  initial 
experiments  during  the  2007  Command,  Control,  Communica¬ 
tions,  Computers,  Intelligence,  Surveillance,  and  Reconnaissance 
On-The-Move  (C4ISR  OTM)  experiment.  The  radio  was 
employed  to  tele-operate  a  SUGV-class  platform  using  a  proto¬ 
type  system  called  the  Wearable  Soldier  Radio  Terminal  (WSRT). 
Working  with  NAIL  representatives,  Army  Research  Laboratory 
(ARL)  engineers  integrated  the  WSRT  radios  on  to  the  existing 
PackBot®51^  system,  the  first  time  that  the  radio,  which  was  man¬ 
dated  by  FCS  to  be  on  the  SUGV,  had  been  installed  in  a  SUGV 
system,  surrogate  or  otherwise.  A  series  of  experiments  were  then 
performed  to  examine  the  radio’s  performance,  and  further  com¬ 
pared  to  the  performance  of  the  ARL  radio  solution. 

This  article  briefly  describes  the  integration  effort  that  took 
place  to  allow  the  WSRT  to  control  the  ARL  PackBot®  system.  It 
will  then  focus  on  performance  results,  comparisons  with  the 
ARL  radio  solution,  and  initial  conclusions.  Further  information 
on  these  experiments  can  be  found  in  the  ARL  Technical  Report 
ARL-TR-4660.  [2] 


HARDWARE 

Two  different  sets  of  radio  hardware  were  used  in  this  experiment. 
The  first  was  an  802. 11 -based  system  that  was  implemented  by 
ARL  for  use  in  the  C4ISR  OTM  experiment.  [2-5]  The  first 
system  served  as  a  baseline  to  measure  our  second  system  against, 
since  characterization  had  already  taken  place.  The  second  system 
was  a  WSRT  radio  system  provided  by  the  FCS  NAIL. 

WSRT  Radio 

The  WSRT  is  a  software  definable  radio  capable  of  supporting 
both  narrow  and  wideband  waveforms.  The  WSRT  is  an  internet 
protocal  (IP) -based  radio  that  provides  six  different  SRW  settings 
and  operates  in  the  ultra-high  frequency  (UFiF)  band  at  up  to 
five  watts  (W)  of  transmit  power.  The  objective  was  to  evaluate  a 
prototype  WSRT  system  provided  by  ITT  to  the  NAIL  (produc¬ 
tion  versions  of  the  radio  were  to  have  improved  specifications  and 
different  form  factors).  Of  particular  interest  in  this  experiment  is 
the  WSRT’s  use  of  a  communications  protocol  with  a  very  high 
per  packet  overhead.  The  result  is  that  only  a  certain  number  of 
packets  can  be  sent  per  second,  with  minimal  regard  for  the  size  of 
those  packets.  For  the  default  settings  of  the  WSRT,  the  maximum 
number  of  packets  per  second  is  36  for  small  packets  (less  than  100 
bytes)  and  27  for  large  packets  (greater  than  1200  bytes).  The  low 
33%  increase  in  transmitted  packets  for  such  a  large  range  in  pack¬ 
et  size  points  to  a  very  high  per  packet  overhead  rate.  This  con¬ 
trasts  sharply  with  the  802. 1 1  system,  which  is  a  data  rate  limited 
radio  that  only  allows  a  certain  amount  of  data  to  be  sent  per  sec¬ 
ond,  regardless  of  the  number  of  packets  that  comprise  the  data. 

PackBot®  Payloads 

The  ARL  ad  hoc  system  was  placed  in  a  modular  payload  bay  in 
the  bed  of  the  PackBot®.  The  payload  bay  interfaces  to  the  robot 
through  a  payload  breakout  board  developed  at  ARL.  Mounted  in 
the  payload  were  a  PC- 104  style  DC-DC  voltage  converter  to 
power  the  ad  hoc  node  router,  and  the  router  itself,  removed  from 
its  plastic  case  to  reduce  its  size.  A  high  gain,  flexible  antenna  orig¬ 
inally  in  use  on  the  PackBot®  was  mounted  to  the  exterior  of  the 
payload  so  that  the  operational  capabilities  of  the  PackBot®,  such 
as  the  ability  to  drive  while  inverted,  were  not  sacrificed. 

Packet  level  data  was  to  be  collected  using  the  C4ISR  OTM 
testbed’s  Data  Collection  and  Analysis  Tool  (DCAT).  DCAT  is  a 
customized  packet  sniffer  that  logs  all  network  traffic  for  later 
analysis.  For  proper  operation,  DCAT  needs  to  see  all  traffic  on 
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Figure  1.  WSRT  integration  onto  PackBot®  (left)  with  tablet  PC  for  data  collection  (right). 


the  platform.  On  larger  vehicles,  this  is  accomplished  by  using 
a  high-end  managed  switch  configured  with  an  analyzer  port 
that  mirrors  traffic  from  the  other  switch  ports.  This  approach, 
however,  is  not  practical  for  a  small  platform  such  as  the  Pack¬ 
Bot®.  Instead,  we  built  a  small  payload  containing  a  small  five- 
port  hub,  and  connected  the  robot  to  both  the  WSRT  radio 
and  a  robot-mounted  rugged  tablet  PC  loaded  with  the  DCAT 
software.  Since  a  hub  sends  all  packets  to  all  ports,  this  config¬ 
uration  allowed  DCAT  to  monitor  the  traffic  between  the 
robot  and  the  radio. 

Mounting  the  WSRT  to  the  PackBot®  chassis  was  difficult 
given  the  radio’s  form  factor, 
which  was  intended  for  dis¬ 
mounted  applications.  The 
power  and  network  connections 
exited  from  the  bottom  of  the 
radio,  while  the  antenna  pro¬ 
truded  out  the  top.  So  that  the 
top  mounted  antenna  main¬ 
tained  the  appropriate  upright 
position,  the  radio  was  secured 
to  the  side  of  the  payload  con¬ 
tainer  using  a  hook-and-loop 
fastener  (see  Figure  1).  The  BB- 
2590  battery  that  powered  the 
WSRT  was  also  mounted  with 
hook-and-loop  fastener  to  the 
PackBot®  chassis. 

Operator  Control  Unit 
ARL  had  previously  designed  a  dismounted  operator  control 
unit  (OCU)  for  use  in  the  2006  C4ISR  OTM  Capstone  Exper¬ 
iment  that  was  ruggedized  to  protect  it  from  the  abuses  of  dis¬ 
mounted  field  operations.  The  OCU  consisted  of  a  ruggedized 
tablet  PC  mounted  in  a  custom  metal  frame  that  housed  two 
joysticks  used  in  robotic  tele-operation.  Mounted  to  the  back  of 
the  frame  was  an  802.11  ad  hoc  node  for  communicating  with 
the  robotic  assets.  [3]  The  integration  required  to  use  the  SRW 


radio  with  the  existing  OCU  was  minimal.  The  802.11  radio 
was  replaced  with  the  WSRT  and  an  additional  battery  was 
added  to  power  it  (see  Figure  2). 

SOFTWARE 
ARL  Software 

The  foundation  of  the  ARL  software  suite  is  the  Agile  Comput¬ 
ing  Middleware  (ACM)  library,  which  provides  discovery  and 
point-to-point  communications  services  using  a  transport- 
independent  application  programming  interface  (API).  All 
applications  and  servers  use  ACM  to  communicate  over  the  net¬ 
work.  The  ACM  allows  trans¬ 
port  components  to  be  inte¬ 
grated,  tuned,  and  modified 
without  requiring  application- 
level  changes. 

A  minor  modification  was 
made  to  the  ACM  library  to 
allow  applications  to  set  the 
type  of  service  (TOS)  field,  also 
known  as  the  differentiated 
services  code  point  (DSCP),  in 
the  IP  packet  header.  The 
WSRT  radio  can  operate  in 
time  division  multiple  access 
(TDMA)  mode  that  essentially 
reserves  a  percentage  of  band¬ 
width  for  traffic  in  a  single 
direction  between  a  single  pair 
of  nodes,  reducing  negotiation 
overhead.  When  operating  in  this  mode,  the  radio  routes  packets 
with  a  certain  value  in  the  TOS  field  over  the  reserved  link.  The 
video  server,  called  MCVideoAgent,  was  modified  to  optionally 
set  this  flag  for  the  video  connection  between  the  robot  and  the 
OCU.  No  other  software  was  modified  to  use  this  option. 

The  only  component  installed  on  the  OCU  for  this  experi¬ 
ment  was  the  CollectControl  application,  which  allows  users  to 
connect  to  robots  and  other  controllable  devices,  view  video 
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from  the  onboard  cameras,  and  control  the  platform.  Collect- 
Control  interfaces  with  the  NewRobotAgent,  PlatformPosture 
Server,  and  MCVideoAgent  components  on  the  robot  through 
the  ACM. 

Video  Compression  Algorithms  (Codecs) 

MCVideoAgent  and  its  companion  CollectControl  OCU 
application  are  implemented  with  a  modular  architecture  that 
allows  use  of  multiple  video  compression  algorithms  (codecs). 
Video  codecs  and  codec  parameters  can  be  changed  in  the  field 
by  editing  the  video  server’s  configuration  file.  ARL  currently 
uses  either  the  Motion  JPEG  (MJPEG)  or  MPEG-4  Part  2 
compression  algorithms.  ARL  uses  the  industry  standard  Inde¬ 
pendent  JPEG  Group  (IJG)  implementation  of  MJPEG  and 
the  ffmpeg  implementation  of  MPEG-4. 

Both  codecs  have  their  strengths  and  weaknesses.  [2]  ARL 
has  noticed  through  informal  testing  that  MJPEG  often  per¬ 
forms  better  than  MPEG-4  over  high  bandwidth  802.1 1-based 
wireless  networks  due  to  MJPEG’s  ability  to  instantly  recover 
from  frame  loss.  However,  bandwidth  on  the  SRW  radio  is 
much  more  limited.  ARL  evaluated  several  different  combina¬ 
tions  of  compression  settings  to  determine  what  functioned 
best  over  the  SRW  link.  Results  of  these  tests  are  detailed  later 
in  this  article. 

EXPERIMENT  RESULTS 
Throughput  Evaluation 

After  establishing  initial  connectivity  between  the  OCU  and  the 
robot,  ARL  attempted  to  drive  the  robot  using  normal  OCU 
settings  and  see  what  adjustments,  if  any,  needed  to  be  made. 

The  standard  video  settings  used  to  control  the  robot  are  a 
resolution  of  320  x  240  MJPEG  at  a  requested  frame  rate  of 
seven  to  eight  fps.  Previous  experiments  have  shown  these  set¬ 
tings  to  be  adequate  for  tele-operation.  [3-3]  Connection  with 
the  robot  was  successful  at  these  settings,  but  it  was  evident 
from  the  choppy  video  that  many  video  packets  were  being  lost 
during  transmission.  This  level  of  video  performance  is  gener¬ 
ally  not  considered  acceptable  to  tele-operate  the  robot,  so  ARL 
lowered  the  resolution.  Lowering  the  resolution  to  160  x  120 
MJPEG  netted  much  better  packet  reception,  receiving  around 
six  fps. 

Two  observations  were  made  while  troubleshooting  this 
behavior.  The  first  was  that  the  WSRT  radio  at  five  W  of  output 
power  was  interfering  with  the  joysticks  on  the  ARL  OCU.  To 
address  this  issue,  the  min/max  transmit  power  was  reduced  on 
both  WSRT  s  to  100  mW,  but  it  was  unknown  at  that  time  how 
it  would  affect  the  range  of  communications.  Secondly,  it  took 
approximately  ten  seconds  after  “release  control”  was  pressed  on 
the  OCU  screen  to  stop  robot  movement.  It  was  determined 
that  this  was  most  likely  due  to  network  packet  queuing  occur¬ 
ring  in  the  radios.  Based  on  that,  the  “intranet  queue  size” 
parameter  in  the  radios  was  changed  from  1000  to  four. 

Once  this  basic  level  of  connectivity  and  control  was  estab¬ 
lished,  ARL  attempted  determine  the  limits  of  those  parame¬ 
ters.  The  test  plan  evolved  as  more  was  learned  about  the  limi¬ 
tations  of  the  radios  and  observations  were  made  of  what  was 
working  and  what  was  not.  Thus,  the  results  shown  in  the  fol¬ 
lowing  section  are  of  tests  that  may  show  useful  data,  but  are 
not  meant  to  be  exhaustive,  rigorous,  or  authoritative. 


MJPEG  Indoor  Testing 

The  following  tests  were  performed  with  the  PackBot®  system 
placed  on  blocks  so  that  unanticipated  movements  would  not 
be  in  any  way  destructive.  The  test  consisted  of  first  establish¬ 
ing  video  connectivity  to  the  robot,  then  attempting  to  move 
the  head  and/or  tracks  of  the  robot  and  viewing  the  video 
stream  while  someone  waved  their  hands  in  front  of  the  cam¬ 
eras.  This  provided  some  qualitative  feedback  about  both  the 
control  and  streaming  video  transmission  on  the  WSRT  radios. 

The  first  test  was  done  using  the  baseline  settings  estab¬ 
lished  above,  namely  a  resolution  of  160  x  120  using  MJPEG 
with  a  compression  factor  (cf)  of  40  (see  Table  1).  Further,  the 
packet  allocation  algorithm  operating  on  the  WSRT  radio  was 
100%  carrier  sense,  multiple  access  (CSMA). 


Table  1.  160  x  120  MJPEG,  cf  =  40,  100%  CSMA. 

Frame  Rate 

Comments 

1-2  fps 

3  fps 

4  fps 

Control  and  video  latencies  acceptable 

Edge  of  acceptable  latency  (queue  starts  building  up) 

Large  latency  (queuing),  ~0.5  sec  delay  in  control  of  head 

After  noticing  the  large  packet  latency  during  the  four 
frames  per  second  (fps)  test  above,  ARL  changed  the  maximum 
transmission  unit  (MTU)  on  the  PackBot®  from  1300  to  1300 
in  an  attempt  to  get  smaller  packets  across  the  network  more 
frequently.  However,  after  performing  the  evaluation  again,  it 
appeared  to  have  no  effect  on  the  latency. 

Next,  the  packet  allocation  algorithm  on  the  radio  was 
switched  to  50%  time  division  multiple  access  (TDMA),  which 
effectively  dedicates  50%  of  the  bandwidth  to  the  video  stream 
from  the  robot  to  the  OCU.  The  tests  were  performed  once 
again  using  160  x  120  MJPEG  with  cf=40  (see  Table  2). 


Table  2.  160  x  120  MJPEG,  cf  =  40,  50%  TDMA. 


Frame  Rate 

Comments 

1  fps 

Control  is  acceptable  (worse  than  1  fps  at  preset  using 
CSMA),  but  video  good 

2  fps 

No  change  in  control  latency,  but  improvement  in  video 
(no  latency  other  than  standard  delay) 

8  fps 

Video  delay  begins 

The  results  so  far  were  satisfactory,  with  the  switch  to  50% 
TDMA  improving  the  control  and  video  significantly.  ARL 
then  set  out  to  determine  the  limits  of  the  throughput  of  a 
higher  resolution  video  stream,  as  resolution  seemed  to  be  our 
limiting  factor.  For  this,  the  resolution  was  increased  to  320  x 
240,  the  standard  operating  resolution  of  the  ARL  PackBot® 
system,  using  the  same  MJPEG  and  TDMA  settings. 


Table  3.  320  x  240  MJPEG,  cf  =  40,  50%  TDMA. 


Frame  Rate 

Comments  I 

1  fps 

Control  hit/miss  like  prior  test,  video  OK  (80kb/s) 

2  fps 

Same  as  above,  video  stable 

3  fps 

Same  as  above 

4  fps 

Without  driving:  Control  same,  video  good,  driving  = 

- 1  sec  delay 

5  fps 

Would  not  go  above  4.4  fps,  same  bitrate  as  4  fps, 

-3  sec  of  video  delay 

As  can  be  seen,  the  control  was  suspect  throughout  the  test, 
and  the  video  throughput  only  got  worse.  It  appears  that  the 
WSRT  simply  cannot  support  higher  resolution  MJPEG  data 
using  either  100%  CSMA  or  50%  TDMA  packet  allocation 
schemes;  there  are  not  enough  packet  slots  to  handle  both  the 
packets  required  for  tele-operated  control  and  higher  resolution 
video  frames. 


http://wstiac.alionscience.com 


http :  //wstiac .  alions  cience .  com/quarterly 


The  WSTIAC  Quarterly,  Volume  9,  Number  3 


5 


http :  //wstiac .  alions  cience .  com/ quarterly 


Packet  Reduction  Modifications 

Some  of  the  ARL  software  programs,  for  various  reasons,  gener¬ 
ate  small  packets  at  relatively  frequent  intervals.  On  wired  net¬ 
works  and  802.11  wireless  networks,  the  per-packet  overhead  is 
small  enough  that  these  small  packets  are  not  a  major  concern. 
However,  the  WSRT  radio  has  a  much  higher  per-packet  over¬ 
head,  and  it  was  thought  that  these  small  packets  may  be  having 
an  adverse  impact  on  the  performance  of  our  control  software 
over  the  WSRT  link.  There  were  two  main  sources  of  small 
packets  that  could  be  reduced:  Group  Manager  “hello”  packets, 
CollectControl  teleoperation  packets. 

The  Group  Manager  discovery  system  by  default  broadcasts  a 
hello  packet  every  two  seconds.  Presently,  this  information  is  sim¬ 
ply  printed  to  the  screen,  and  no  software  makes  use  of  it  at  the 
present  time.  It  was  determined  that  the  hello  packets  could  be 
turned  off  without  any  detrimental  effect  on  the  system,  thereby 
cutting  traffic  by  one  packet  per  second  on  average  (one  packet 
every  two  seconds  per  node,  for  two  nodes.) 

CollectControl  sends  teleoperation  (teleop)  packets  to  the 
robot  at  variable  intervals.  Two  types  of  packets  are  sent:  mobili¬ 
ty  teleop  packets  containing  platform  translation  and  rotation 
rates,  and  pantilt  teleop  packets  containing  camera  pan,  tilt,  and 
zoom  rates.  These  packets  are  sent  either  twice  a  second  or  when¬ 
ever  the  application  detects  that  the  joystick  position  (and  there¬ 
fore  the  associated  movement  or  pantilt  command)  has  changed. 
The  joystick  is  polled  at  25  Hz,  so  bursts  of  up  to  50  packets  per 
second  (one  mobility  packet  and  one  pantilt  packet  per  sampling 
interval)  could  be  generated  for  worst-case  joystick  movements. 
These  bursts  of  packets  caused  increased  latency  on  the  radio. 
CollectControl  was  modified  to  put  a  configurable  maximum  on 
the  rate  at  which  teleop  packets  could  be  sent,  and  configured  this 
maximum  to  be  five  Hz  (ten  packets  per  second.)  This  modifica¬ 
tion  cut  traffic  by  0  to  40  packets  per  second  depending  on  joy¬ 
stick  movement  patterns. 

After  these  modifications  were  made,  ARL  estimated  that  aver¬ 
age  packet  rates  for  commands  and  telemetry,  not  including 
video,  were  four  packets  per  second  from  the  robot  to  the  OCU 
and  four  to  five  packets  per  second  from  the  OCU  to  the  robot. 

Qualitative  Control  Test 

After  the  packet  reduction  modifications  were  made  to  the  ARL 
software  and  confirmed  to  be  working,  we  decided  to  observe  the 
control  behaviors  while  driving  the  robot  on  the  ground.  In  the 
authors’  opinion,  simulation  and  static  testing  can  never  give 
results  as  useful  as  simply  getting  a  robot  on  the  ground  and  mak¬ 
ing  it  move  through  a  real  environment. 

For  this  test,  we  used  the  best  combination  of  settings  we  had 


observed  thus  far:  160  x  120  MJPEG  at  six  fps.  This  is  substan¬ 
tially  inferior  to  ARL  normal  PackBot®  configuration,  which 
operates  at  a  higher  resolution  (320  x  240)  and  frame  rate  (greater 
than  eight  fps). 

The  test  was  to  move  the  robot,  driving  via  the  streaming 
video,  out  of  a  trailer,  down  a  set  of  stairs  to  the  ground,  moving 
away  from  the  building  a  short  distance,  and  then  bringing  it 
back  up  the  stairs  and  into  the  trailer.  Throughout  the  test,  con¬ 
trol  lag  was  present,  but  it  was  consistent  and  thus  manageable. 
The  operator  (one  of  the  authors)  commented  that  control  was 
much  smoother  with  the  packet  reduction  modifications  in  place. 
Surprisingly,  the  system  had  little  trouble  with  this  test,  aside 
from  the  obvious  shortcomings  of  reduced  resolution  and  frame 
rate.  The  system  performed  well  exiting  the  trailer  and  outdoors. 

An  informal  range  test  of  the  robot  was  performed  so  that  any 
straight-line  propagation  issues  with  the  radios  could  be  identified. 
Using  the  same  video  parameters  as  the  earlier  control  test  (160  x 
240  MJPEG  at  six  fps),  ARL  attempted  to  drive  the  robot  in  a 
straight  line  from  the  development  trailer  down  a  dirt  road 
towards  the  back  of  the  range.  At  a  distance  of  approximately 
50  m,  the  connectivity  to  the  robot  failed.  The  SRW  radios  were 
examined,  and  it  was  determined  that  the  failure  was  due  to  a  fea¬ 
ture  of  the  SRW  software  that  limits  bandwidth  when  it  believes  it 
is  near  the  edge  of  its  communications  range.  The  authors  were 
told  the  only  way  to  force  the  radios  to  remove  the  bandwidth 
limit  was  performing  a  hard  restart  on  both  radios.  The  radios  were 
then  restarted  in  place  in  an  attempt  to  regain  communications. 
ARL  anticipated  that  the  radios  would  regain  communications  at 
this  point  as  the  distance  between  them  was  not  that  great,  and 
what  was  experienced  was  more  of  an  anomaly.  Communications 
were  indeed  reestablished,  however  we  then  tested  if  the  band¬ 
width  was  still  throttled  by  attempting  to  transmit  640  x  480  video 
at  one  fps  and  the  system  was  unable  to  get  a  single  frame  through. 
This  demonstrated  that  the  radios  either  remained  in  the  reduced 
bandwidth  mode  upon  start  up,  or  immediately  sensed  that  they 
were  at  the  edge  of  communications  range  and  throttled  band¬ 
width  accordingly.  Both  scenarios  were  not  ideal,  given  the  line-of- 
sight  between  radios  and  relatively  short  distance. 

MPEG4  Indoor  Testing 

Because  of  the  identified  issues  using  MJPEG  frames  at  320  x  240 
with  the  WSRT,  the  authors  attempted  to  perform  the  same  tests 
using  MPEG4,  as  it  reduces  the  amount  of  large  packets  that 
needed  to  be  sent  over  the  network. 

Presented  below  are  the  results  using  MPEG4  in  the  same 
manner  as  the  MJPEG  evaluations  were  performed  above.  That 
is,  the  robot  was  indoors  on  blocks  in  a  static  environment,  with 


Table  4.  160  x  120  MPEG4,  bitrate  =  150ks. 


1  Frame  Rate 

kBps 

kbps 

Comments 

1  fps 

5-10 

40-80 

Still  images  appear  better  quality  than  comparable  MJPEGs,  bad  control  lag. 

2  fps 

7-12 

56-96 

Control  lag  slightly  better. 

3  fps 

9-16 

72-128 

Control  lag  slightly  better.  Suspect  reason  that  control  is  getting  better  w/increase  in  frame  rate  is  due  to  the  way 

MPEG  codec  makes  large  frames  for  small  fps  when  targeting  a  certain  bitrate. 

4  fps 

14-25 

112-200 

Video  still  looks  good  (still  better  than  MJPEG  at  this  resolution,  little  delay),  but  control  got  jumpy  and  slightly  laggy. 

5  fps 

16-28 

128-224 

Video  was  OK,  control  was  good  (better),  but  seems  to  hiccup  when  key  frame  goes  across. 

6  fps 

21-25 

168-200 

Frame  rate  seems  more  stable,  pretty  good  control. 

8  fps 

18-27 

144-216 

Pretty  stable  data  rate  especially  with  stills,  hit  or  miss  with  control  lag,  but  more  miss  than  hit  during  movement, 
frame  rate  dropped  to  6  fps. 

10  fps 

22-25 

176-200 

Consistent  0.5  sec  video  lag,  video  quality  dropping.  Frame  rate  is  jumping  around  more  (according  to  CollectControl). 
When  lots  of  movement  in  the  frame  it  gets  temporarily  blurry.  Very  noticeable  control  lag  (comparable  to  1  -2  fps). 
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hands  being  waved  in  front  of  the  camera  to  introduce  motion 
into  the  scene.  The  first  results  presented  below  are  that  of  160  x 
120  MPEG4  operating  at  a  target  bitrate  of  150  kbps.  The  data 
rate  columns  shown  correspond  to  the  byte  and  bitrate,  respect¬ 
fully,  received  by  CollectControl. 

The  results  in  Table  4  point  to  MPEG4  video  of  static  scenes 
that  is  clearer  than  corresponding  MJPEG  images,  which  contained 
more  compression  artifacts.  However,  this  benefit  is  likely  out¬ 
weighed  by  the  noticeable  control  lag,  and  the  control  hiccups  and 
blurry  video  that  come  with  movement  in  the  image  scene.  Caused 
when  the  large  key  frame  of  the  MPEG4  encoder  comes  through 
the  system,  these  blurred  images  and  inconsistent  control  lag  at 
higher  frame  rates  could  be  troublesome  during  tele-operation. 

Per  the  test  methodology  used  in  the  MJPEG  tests,  next  the 
resolution  was  increased  to  320  x  240  and  evaluated  at  multiple 
frame  rates. 

Table  5  shows  that  as  the  frame  rate  increased  on  the  MPEG4, 
control  and  video  improved  until  motion  was  introduced  into  the 
scene.  Even  the  slight  motion  caused  by  waving  a  hand  in  front  of 
the  camera  from  a  short  distance  caused  the  video  to  become  basi¬ 
cally  unviewable  at  the  higher  resolution  of  320  x  240.  This  is  a 
problem  for  a  mobile  robot  system,  as  rarely  will  the  scene  viewed 
by  the  robot  be  static. 


Table  5.  320  x  240  MPEG4,  bitrate  =  150k. 


Frame  Rate 

kB/s 

Comments 

1  fps 

4-9 

Image  more  clear  at  this  resolution,  but  blurry  during 
movement.  Control  not  bad,  but  during  movement 
the  video  lost  many  frames  and  did  not  recover 
quickly.  This  may  be  that  it  is  not  passing  packets 

over  a  certain  size. 

4  fps 

11-18 

Control  is  much  better,  but  video  has  motion 

problems  (blurry  with  movement)  -  video  looks 
worse  than  160x120  at  4  fps  with  movement. 

8  fps 

11-19 

Video  very  poor  with  movement,  control  about 
the  same. 

Communications  Range  Evaluation 

Following  the  throughput  evaluations,  outdoor  range  tests  were 
performed  using  the  WSRT-equipped  PackBot®  so  a  comparison 
could  be  made  with  the  baseline  802.1 1 -equipped  PackBot®  per¬ 
formance,  both  in  head-to-head  tests  and  against  previously 
performed  evaluations  of  the  802.11  ad  hoc  communication 
system.  [3,  4] 

MJPEG  Outdoor  Testing 

Two  driving  scenarios  were  used  outdoors.  The  first  was  a  straight 
line-of-sight  (LOS)  path  that  took  the  PackBot®  across  an  unob¬ 
structed  sand  clearing.  The  second  was  a  non-line-of-sight 
(NLOS)  path  that  put  a  metal  building  and  a  wooded  mound 
between  the  PackBot®  and  the  operator.  These  scenarios  were 


designed  to  determine  if  output  power  of  the  WSRT  had  an  effect 
on  the  absolute  distance  at  which  the  system  was  able  to  be 
acceptably  controlled.  Thus,  output  power  on  the  radios  was  iter¬ 
ated  from  100  mW  to  five  W.  Further,  per  previous  results,  all 
tests  were  performed  at  a  resolution  of  160  x  120  using  MJPEG 
with  a  target  frame  rate  of  six  fps,  and  included  all  field  fixes 
described  above. 

Finally,  as  a  control  measure,  ARL  attempted  to  run  the  same 
paths  with  the  802.11 -based  PackBot®  system. 

It  is  interesting  to  note  that  at  full  output  power  (five  W),  the 
WSRT  radios  actually  performed  worse  than  they  did  at  less  than 
half  of  that  power  level  (two  W),  in  both  LOS  and  NLOS  situa¬ 
tions  (see  Table  6).  The  maximum  distance  achieved  was  175  m 
in  a  LOS  situation  at  two  W  of  output  power. 

Alternately,  the  802.11 -based  PackBot®  was  operational  for 
such  a  distance  that  there  was  difficulty  in  accurately  measuring 
its  NLOS  path  length  (see  Table  7).  This  approximate  distance 
corresponds  to  prior  distance  tests  with  this  system,  where  straight 
line  distances  ranged  from  193  m  to  386  m,  depending  on  the 
environment.fi,  2]  These  values  represent  a  sizeable  increase  in 
the  range  and  video  resolution  over  the  WSRT  results. 

Table  7.  320  x  240  MJPEG  outdoor  test  results,  802.11. 


802.11  Distance  Comments 


LOS/NLOS  240  m+  Distance  measured  was  straight  line 

distance.  Made  90  degree  left  turn 
out  of  LOS  and  continued  acceptable 
operation  for  another  ~100  m. 

MPEG4  Outdoor  Testing 

The  final  test  performed  was  to  use  MPEG4  encoding  in  an  envi¬ 
ronment  with  more  natural  clutter  than  the  fairly  benign  indoor 
environment  used  previously.  It  was  anticipated  that  similar  prob¬ 
lems  with  movement  within  a  scene  would  arise.  To  confirm  the 
performance  of  MPEG4,  the  video  encoding  on  the  PackBot® 
was  set  to  a  bit  rate  of  100  kbps  and  the  OCU  attempted  to  dis¬ 
play  the  video  at  320  x  240  at  1 1  fps,  which  if  operating  correct¬ 
ly  would  provide  video  of  rough  equality  to  the  standard  MJPEG 
video  settings  used.  The  MPEG4  bitrate  was  lowered  at  this  point 
from  150  kbps  in  an  attempt  to  lower  the  latency  some,  as  it  was 
observed  that  we  were  still  attempting  to  push  too  much  data  over 
the  radio. 

This  resulted  in  much  poorer  video  quality  than  the  equiva¬ 
lent  MJPEG  settings,  caused  not  by  dropped  packets  so  much  as 
the  lower  bit  rate  resulting  in  unresolved  video.  Other  contribu¬ 
tors,  which  were  speculative  and  could  not  be  verified  in  the  field, 
could  have  been  a  noisy  camera  (introducing  noise  due  to  bad 
ground  connections)  or  a  timing  issue  with  the  MPEG4  encoder. 
A  further  observation  was  that  when  driving  the  robot  towards  a 


Table  6.  160  x  120  MJPEG  outdoor  test  results,  WSRT. 


Output  Power 

Path 

Distance 

Comments 

100  mW 

LOS 

137  m 

Robot  lost  control  but  not  video,  but  quickly  regained  control  but  lost  video.  Suspect  SRW  bandwidth  throttling  property. 

100  mW 

NLOS 

108  m 

None 

1  W 

LOS 

140  m 

None 

1  W 

NLOS 

90  m 

None 

2  W 

LOS 

175  m 

None 

2  W 

NLOS 

156  m 

Operators  note  that  driving  using  the  streaming  video  is  easier  than  watching  the  robot,  as  the  control  delay  appears 
more  consistent  with  delayed  video. 

5  W 

LOS 

160  m 

WSRT  radio  on  the  robot  jostled  loose  from  driving,  causing  communications  to  fail.  Had  difficulty  reestablishing 
communications  following  reattachment. 

5  W 

NLOS 

127  m 

Eventually  reestablished  communications.  Control  unacceptable  once  behind  the  building. 
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non-busy  scene,  such  as  a  low  horizon  showing  mostly  white/blue 
sky  with  no  trees,  the  video  performance  was  great.  However,  as 
soon  as  the  scene  became  dominated  with  busy  things  (less  hori¬ 
zon,  more  trees),  the  video  quality  dropped  very  quickly. 

CONCLUSION 

The  quantitative  outdoor  evaluations  showed  that  the  WSRT 
system  consistently  operated  at  a  lower  resolution,  a  lower  frame 
rate  and  had  a  shorter  communications  range  while  utilizing  a 
higher  output  power  than  the  incumbent  802.11  system.  Exam¬ 
ining  ping  times  on  the  different  radio  systems  also  showed  a 
roundtrip  time  (RTT)  delay  of  120  ms  for  the  WSRT  radio  with 
no  network  traffic,  versus  a  one  to  two  ms  RTT  for  the  802.11 
system.  This  imposes  a  network  delay  on  all  data  before  anything 
is  actually  transmitted,  and  only  serves  to  exacerbate  the  control 
and  video  delays  shown  in  the  results  above. 

It  is  also  important  to  note  that  all  of  the  tests  conducted  were 
point  to  point;  that  is,  network  traffic  only  went  between  the 
robot  to  the  OCU.  It  did  not  include  any  attempts  to  view  video 
from  two  OCUs,  or  multiple  radio  hops,  capabilities  that  the 
ARL  system  readily  provides.  The  FCS  NAIL  engineer  on  this 
evaluation  stated  that  attempting  the  multiple  control  to  one 
robot  scenario  simply  would  not  work  due  to  the  TDMA  algo¬ 
rithm  being  used  on  the  WSRT,  as  it  only  allows  point  to  point 
communications  at  any  given  time. 

The  data  presented  above  points  to  the  conclusion  that  the 


current  revision  of  the  packet-rate  limited  WSRT  radio  does  not 
appear  ideal  for  tele-operation  of  robotic  systems,  as  the  small 
data  packets  required  for  control  and  telemetry  information  con¬ 
sume  a  large  portion  of  the  available  network  bandwidth,  causing 
video  quality  to  suffer  significantly. 
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ABSTRACT 

An  overall  system  analysis  approach  is  used  to  propose  poten¬ 
tial  conceptual  designs  of  advanced  terrestrial  nuclear  power 
plants  based  on  Oak  Ridge  National  Laboratory  (ORNL) 
molten  salt  reactor  (MSR)  experience  and  utilizing  closed  cycle 
gas  turbine  (CCGT)  thermal-to-electric  energy  conversion 
technology.  In  particular  conceptual  designs  for  an  advanced 
one  gigawatt-electric  (GWe)  power  plant  with  turbine  reheat 
and  compressor  intercooling  at  a  950  K  turbine  inlet  tempera¬ 
ture  (TIT),  as  well  as  near  term  100  megawatt-electric  (MWe) 
demonstration  plants  with  TITs  of  950  K  and  1200  K  are  pre¬ 
sented.  Power  plant  performance  data  were  obtained  for  TITs 
ranging  from  650  to  1300  K  by  use  of  a  closed  Brayton  cycle 
(CBC)  systems  code  which  considered  the  interaction  between 
major  sub-systems,  including  the  liquid  fluoride  thorium  reac¬ 
tor  (LFTR),  heat  source  and  heat  sink  heat  exchangers,  turbo¬ 
generator  machinery,  and  an  electric  power  generation  and 
transmission  system.  Optional  off-shore  sub-marine  installa¬ 
tion  of  the  power  plant  is  a  major  consideration. 

INTRODUCTION 

In  meeting  the  increasing  demand  for  electrical  energy,  today’s 
global  economies  are  faced  with  the  dual  problem  of  declining 
fossil  fuel  resources  and  climate  change  due  to  atmospheric 
accumulation  of  “greenhouse  gases,”  principally  carbon  dioxide 
and  methane.  [1]  An  obvious  solution  to  both  issues  would  be 
a  power  generation  process  that  does  not  require  fossil  fuels  and 
also  does  not  have  any  gas  emissions.  Among  the  proposed 
near-term  alternative  energy  sources,  the  reliability  and  capaci¬ 
ty  factor  of  traditional  nuclear  fission  power  plants  has  steadily 
improved  over  the  years  to  a  level  of  approximately  92  percent, 
which  is  more  than  twice  that  of  solar  or  wind.  Additional  ben¬ 
efits  from  nuclear  power  are  possible,  if  investment  in  nontra- 
ditional  nuclear  power  generation  is  undertaken.  The  inherent 
advantages  of  such  advanced  power  generation  schemes  were 
recognized  by  the  United  States  Congress  when  it  passed  the 
Energy  Policy  Act  of  2005  (US  109th  Congress,  2005).  Devel¬ 
opment  of  advanced  nuclear  power  plants  was  advocated  under 
“Title  VI — Nuclear  Matters,”  and  the  goals  of  the  “Generation 
IV  Nuclear  Energy  Systems  Initiative”  were  spelled  out  under 


Subtitle  C  “Next  Generation  Nuclear  Plant  Project” 
(NGNPP).  In  essence,  these  goals  were  to  generate  electric 
power  for  base  load  energy  demands  and  to  produce  hydrogen 
as  a  new  carbon-free  fuel  for  vehicular  transportation.  Further¬ 
more,  Generation  IV  (Gen  IV)  power  plants  were  to  be  highly 
economical,  equipped  with  safety  enhancements,  have  minimal 
waste,  and  be  proliferation  resistant.  To  meet  these  objectives  a 
number  of  closed  cycle  gas  turbine  energy  conversion  systems 
either  directly  coupled  to  high  temperature  gas  (cooled)  reac¬ 
tors  (HTGR),  or  indirectly  coupled  via  intermediate  heat 
exchangers  (IHX)  to  liquid  cooled  reactors  have  been  pro¬ 
posed.  [2]  For  both  configurations  the  gas  turbine  working  fluid 
is  helium  (He),  with  power  plant  output  ranging  from  tens  of 
MW  to  GW  levels. 

A  good  comparison  of  the  performance  of  power  plants 
using  either  gas  turbine  (Brayton),  or  steam  turbine  (Rankine) 
energy  conversion  systems,  in  terms  of  the  thermodynamic 
plant  efficiency  is  shown  in  Figure  1 ,  which  was  adapted  from 
the  literature,  except  for  the  abscissa  coordinates  altered  from 
degrees  fahrenheit  to  kelvin.  [3]  Due  to  the  higher  cycle  temper¬ 
ature  ratios  enabled  by  the  higher  turbine  inlet  temperatures  for 
gas  turbine  systems,  a  50  percent  increase  in  CCGT  plant  effi¬ 
ciency  can  be  realized,  when  compared  to  the  highest  efficien¬ 
cy  achievable  with  the  steam  cycle.  Hence  most  Gen  IV  energy 


Figure  1.  Energy  conversion  cycle  comparision.[3] 


This  article  was  presented  at  the  7th  International  Energy  Conversion  Engineering  Conference,  August  2009. 
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Figure  2.  ORNL's  MSR/LFTR  power  plant  with  CBC  conversion. 


conversion  systems  are  based  on  the  CCGT  power  cycle,  also 
referred  to  as  the  closed  Brayton  cycle  (CBC).  For  optimum 
rotor-dynamic  performance,  vertical  orientation  of  the  com- 
pressor-turbo-alternator  machinery  has  been  proposed.  [4,  5] 
Acronyms  like  high  temperature  gas  reactor  (HTGR)  or  gas 
turbine  modular  helium  reactor  (GT-MHR)  refer  to  the  direct¬ 
ly  CBC  systems,  while  CBC  energy  conversion  via  the  very 
high  temperature  reactor  (VHTR),  MSR,  or  LFTR  refer  to 
indirectly  heated  cycles.  [6,  7]  Note  that,  due  to  the  much  high¬ 
er  heat  transfer  capability  of  liquid  (molten)  salt  or  metal,  a 
VHTR  can  operate  at  higher  outlet  temperatures  than  the 
HTGR.  The  drawback  is  that  additional  investment  in  liquid- 
to-gas  heat  exchangers  and  circulating  pumps  must  be  made. 
However,  such  investment  may  be  warranted  if  one  considers 
that  for  a  1000  MWe  plant  generating  power  at  5<£/kW-hr 
($50/MW-hr)  each  percent  increase  in  plant  efficiency  trans¬ 
lates  into  nearly  $4.5  M  in  additional  revenue. 

Hence  the  objective  of  this  paper  is  to  examine  how  gas  tur¬ 
bine  power  systems  could  use  fission  reactor  heat  sources  based 
on  the  LFTR  technology,  developed  at  ORNL  during  the 
Molten  Salt  Reactor  Experiment  (MSRE)  program.  [8] 

THE  THORIUM  FUEL  CYCLE  AND  LFTR  POWER  PLANT 
The  thorium  fuel  cycle  is  based  on  a  series  of  neutron  absorp¬ 
tion  and  beta  decay  processes  initiated  by  neutron  absorption 
and  beta  decay  reactions  starting  with  naturally  occurring  thori- 
um-232  as  the  fertile  material  and  the  artificial  uranium-233 
(92U233)  isotope  as  the  fissile  reactor  fuel.  Table  1  shows  the 
three  essential  nuclear  reactions.  [9] 

Table  1.  Thorium  -  uranium  breeding  cycle. 

l.90Th232  +  on1  fi  9oTh233  +  g  (neutron  absorption) 

2.  9oTh233  fi  .-|b°  +  91  Pa233  (beta  decay  -  1=  22.3  min) 

3.  91  Pa233  fi  _ib°  +  92U233  (beta  decay  -  1=  27  days) 

The  nuclear  reaction  indicated  by  step  1  shows,  that  a  neutron 
absorbed  by  thorium-232  will  bring  about  a  transmutation  to 


a  new  isotope,  namely  thorium-233  and  emission  of  a  gamma 
photon.  Note  that  a  logical  source  for  the  neutron  required  for 
absorption  is  a  power  producing  fission  reactor  with  the  fertile 
thorium-232  contained  in  an  annulus  or  blanket  enveloping 
the  reactor  core.  The  thorium-233  isotope  next  (step  2)  emits 
an  electron  (beta  decay)  as  it  rapidly  transmutes  to  protactini¬ 
um-233.  With  a  half-life  of  only  22.3  minutes,  over  99.9  per¬ 
cent  of  the  90TI1233  is  converted  into  91  Pa233  in  four  hours.  In 
step  3  the  protactinium-233  isotope  undergoes  a  slow  trans¬ 
mutation  process  by  beta  decay,  with  a  half-life  of  27  days, 
there  is  a  storage  requirement  of  about  ten  months  for  the 
protactinium-233  to  decay  to  the  fissile  uranium-233. 

Molten  Salt  Reactor  Technology 

The  originators  of  this  fluid  fuel  reactor  technology  were 
nuclear  researches  at  ORNL,  under  the  direction  of  Alvin 
Weinberg,  who  served  as  director  of  ORNL  from  1955  to 
1973.[10]  The  motivation  for  and  the  intended  first  applica¬ 
tion  was  in  support  of  the  Nuclear  Aircraft  project  in  the  late 
1940s  under  the  Homogeneous  Reactor  Experiment  (HRE) 
and  the  Aircraft  Nuclear  Propulsion  (ANP)  project.  Reactor 
outlet  temperatures  near  1100  K  (820°C)  were  achieved  before 
the  program  was  discontinued  in  1961.  However  the  technolo¬ 
gy  acquired  was  shifted  to  a  ground-based  civilian  version  of  a 
“meltdown  proof”  reactor,  serving  as  heat  source  for  both  a 
steam  power  plant  and  later  for  a  CBC.  [8] 

A  schematic  diagram  of  the  ORNL-MSR  gas  turbine  power 
plant  is  displayed  in  Figure  2.  Shown  on  the  left  side  of  the  fig¬ 
ure  is  a  graphite  matrix  moderated  MSR  reactor  with  fuel  salt 
mixture  ( TI1F4-U233F4 )  being  circulated  by  a  pump  through 
the  core  and  to  a  primary  (shell-tube)  heat  exchanger.  Note  that 
a  parallel  loop  permits  part  of  the  fuel  salt  to  be  diverted  to  a 
processing  plant  and  reintroduced  into  the  core  as  purified  salt. 
As  one  of  the  unique  safety  features,  a  melt-plug  at  the  reactor 
bottom  would  permit  the  reactor  fluid  fuel  to  be  drained  into 
subcritical  dump  tanks,  located  in  a  underground  storage  facil- 
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ity,  should  the  fuel  salt  temperature  exceed  a  preset  limit.  A  sec¬ 
ond  pump  circulates  the  liquid  heat  transfer  fluid  (LiF-BeF2) 
through  an  intermediary  heat  exchanger  where  the  helium 
working  fluid  is  heated  to  turbine  inlet  temperature.  The  high 
pressure-high  temperature  helium  is  shown  to  flow  through 
two  parallel  turbines  which  drive  two  intercooled  series  com¬ 
pressors  and  the  electric  power  generator,  all  mounted  on  the 
same  shaft.  The  turbine  exhaust  flows  pass  through  the  hot  side 
of  a  recuperator  where  thermal  energy  is  transferred  to  the  high 
pressure  compressor  discharge  flow  before  entering  the  water 
cooled  heat  sink  heat  exchanger  (HSHX)  which  lowers  the 
working  fluid  temperature  to  the  value  required  by  the  LPC 
(low  pressure  compressor)  inlet  condition.  The  compressor  rais¬ 
es  both  pressure  and  temperature  of  the  He  working  fluid 
before  the  fluid  is  cooled  back  to  near  inlet  temperature  by  the 
intercooling  He-water  heat  exchanger.  Due  to  the  lower  tem¬ 
perature  at  the  inlet  of  the  high  pressure  compressor  (HPC), 
the  compressor  work  will  be  reduced  significantly,  thus  allow¬ 
ing  more  shaft  power  for  the  generator  and  thereby  leading  to 
higher  plant  efficiency.  As  a  final  step  in  completing  the  circuit, 
the  He  working  fluid  exiting  the  high  pressure  compressor 
enters  the  cold  side  of  the  recuperator  where  it  is  preheated  by 
the  turbine  exhaust  stream.  The  helium  then  enters  the  second¬ 
ary  heat  exchanger  where  it  is  heated  to  the  turbine  inlet  tem¬ 
perature  requirement  as  explained  above. 

Although  not  shown  in  the  schematic,  reactor  core  heat  can 
also  be  used  for  H2  production  by  processes  like  high  tempera¬ 
ture  electrolysis  of  water,  or  the  water  gas  shift  reaction.  Thus 
all  of  the  objectives  set  forth  under  the  Energy  Policy  Act  of 
2005  could  be  accomplished  with  advanced  nuclear  technolo¬ 
gy  as  represented  by  MSR  or  LFTR. 

Technological  Advantages  of  LFTR  Power  Plants 
Compared  to  traditional  nuclear  reactors  which  “burn”  the 
fissile  uranium  isotope  U235  the  LFTR  uses  fissile  U233  which 
is  derived  from  Tli232-  But  whereas  U235  constitutes  only  0.7 
percent  of  mined  natural  uranium,  practically  all  of  the  thori¬ 
um  can  be  converted  to  U233,  and  no  processing  for  enrich¬ 
ment  is  needed.  As  will  be  shown  in  a  later  section  of  this  paper, 
at  turbine  inlet  temperatures  of  1200  K  closed  cycle  gas  turbine 
thermal  energy  conversion  efficiency,  ?t,  of  over  50  percent  can 
be  attained,  as  compared  to  a  30  to  35  percent  efficiency  for 
currently  operating  steam  turbines  plants  with  inlet  tempera¬ 
tures  of  approximately  570  K  (300°C).  Thus  a  factor  of  three 
hundred  times  as  much  output  electric  power  per  unit  mass  of 
raw  fuel  ore  (uranium  oxide  (U3O8)  versus  Thoria  (ThC^))  can 
be  obtained  via  the  thorium  fuel  cycle  with  closed  cycle  gas  tur¬ 
bine  energy  conversion.  As  a  result  fission  fragment  waste  prod¬ 
ucts  are  reduced  by  a  commensurate  amount,  and  their  radioac¬ 
tivity  would  decay  to  background  levels  in  less  than  300  years, 
as  contrasted  to  over  10,000  years  for  currently  used  reactors, 
thus  obviating  the  need  for  long  term  storage,  such  as  at  Yucca 
Mountain.  The  thermal  spectrum  LFTR  concept  is  inherently 
safe,  with  a  negative  temperature  coefficient  of  reactivity,  thus 
making  a  “core  meltdown”  due  to  loss  of  coolant  impossible. 
Since  the  fuel  is  a  pumped  liquid  solution  of  LiF-BeF2~UF4, 
refueling  can  be  accomplished  without  reactor  shutdown.  The 
fissile  fuel  can  also  be  made  “proliferation  resistant”  by  permit¬ 
ting  it  to  be  contaminated  (denatured)  with  small  amounts  of 


U232  to  increase  its  dose  rate  which  would  greatly  reduce  its 
unshielded  exposure  time  and  greatly  increase  detectability. 

With  thorium  ores,  such  as  Monazite,  being  four  times 
more  abundant  in  the  earths  crust  than  uranium  ores,  over  60 
percent  of  the  world’s  resources  are  located  in  the  following 
democratically  governed  countries:  Australia  (18  percent), 
United  States  (16  percent),  India  (13  percent),  Brazil  (nine  per¬ 
cent),  and  Norway  (five  percent).  Thus  future  global  energy 
demands  could  be  met  by  these  thorium  sources  for  over  sever¬ 
al  tens  of  millennia. 

CONCEPTUAL  DESIGN  MODELING  OF  GAS  TURBINE  LFTR 
NUCLEAR  POWER  PLANTS 

Having  established  that  closed  cycle  gas  turbine  power  plants 
with  both  directly  or  indirectly  supplied  thermal  energy  from 
nuclear  heat  sources  would  best  meet  the  NGNPP-Gen  IV 
power  plant  requirements,  an  author-generated  CBC  code 
previously  used  in  the  modeling  of  space  and  planetary  sur¬ 
face  power  systems  was  modified  to  meet  the  modeling 
requirements  of  terrestrial  nuclear  power  plants.  [1 1-14] 
Special  emphasis  was  placed  on  incorporating  the  two  series 
heat  exchanger  requirements  of  LFTR  reactors  as  exemplified 
by  ORNL  MS  RE  technology. 

Furthermore  the  provision  for  treating  CBC  compression 
and  turbine  expansion  processes  as  composed  of  separate  incre¬ 
mental  series  steps  allowed  for  realistic  modeling  of  power  sys¬ 
tems  with  compressor  intercooling  and/or  turbine  reheat 
options.  Since  cycle  reject  heat  and  intercooling  heat  transfer  is 
accomplished  via  gas-water  heat  exchangers,  the  space  radiator 
heat  rejection  sub-routines  were  bypassed  in  the  modeling 
computations.  Allowing  for  the  working  fluid  passing  through 
heat  exchangers  on  the  cycle  hot  side,  recuperator,  compressor 
intercooler  and  heat  sink,  the  cycle  pressure  drop  was  set  at  four 
percent.  Thus  the  turbine  overall  turbine  pressure  ratio  for  up 
to  three  series  machines  was  96  percent  of  the  overall  pressure 
ratio  produced  by  the  compressors.  Provision  was  added  to 
compute  and  display  local  pressure  and  temperature  state 
points  along  the  system  schematic  diagrams  for  modeling  sim¬ 
ulations  for  different  cycle  configurations,  TITs  and  power  out¬ 
put  levels.  A  list  of  key  input  values  which  were  kept  constant 
is  shown  in  Table  2. 


Table  2.  Key  cycle  input  parameters. 


Compressor  Inlet  Temperature  (TIC),  K  . 300 

Cooling  Water  Temperature,  K  . 288 

Reactor  Heat  Loss,  percent  .  1.0 

Polytropic  Efficiency— Compressor,  percent  .  86 

Polytropic  Efficiency— Turbine,  percent  . 92 

Recuperator  Effectiveness,  percent  . 95 

Intercooler  HX  Pressure  Loss,  percent  . 0.5 

Reheat  HX  Pressure  Loss,  percent  . 0.8 

Turbine  Pressure  Ratio  Fraction,  percent  . 96 

Generator  Efficiency,  percent  . 98 


Several  conceptual  power  plant  cycle  configurations  were 
modeled  using  the  code  briefly  described  above.  As  shown  in 
Figure  3,  the  first  of  these  is  for  a  1000  MWe  power  plant  with 
turbine  reheat  and  compressor  intercooling  (availability  of  water 
cooling  reservoirs  assumed),  with  a  TIT  of  950  K.  With  three 
series  turbines  and  compressors,  and  the  required  heat  exchang¬ 
ers  on  the  hot  side  and  cold  side  of  the  cycle,  a  fairly  convolut- 
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Figure  3.  Schematic  of  one  GW  liquid  fluoride  reactor  power  plant  with  950  K  turbine  reheat  and  compressor  intercooling.  Plant  effi¬ 
ciency  is  approximately  42  percent. 


ed  cycle  schematic  was  analyzed.  Note  that  the  total  He  mass 
flowrate  was  only  about  681  kg/s  for  this  three  series  turboma¬ 
chine  configuration  with  an  overall  pressure  ratio  of  eight,  with 
each  stage  ratio  of  two.  The  specific  work  parameter  of  1468 
kj/kg  expresses  the  ratio  of  total  power  output  of  1000  MWe  = 
106  kj/s  to  680  kg/s.  This  flowrate  is  only  a  third  of  the  over 
2100  kg/s  that  would  have  been  required  for  accomplishing  the 
same  power  output  with  one  large  single  compressor  and  tur¬ 
bine  and  the  resulting  specific  work  for  this  case  would  be  less 
than  500  kj/kg.  So  the  system  complexity  is  offset  somewhat  by 
much  smaller  rotating  machinery  and  heat  exchanger  size.  How¬ 
ever  another  drawback  is  that,  due  to  the  cascading  pressure  lev¬ 
els  the  turbo-generator  speeds  (in  rpm)  optimize  at  7200  for  the 
HPT,  5400  for  the  MPT  and  3600  for  the  LPT.  This  would 
require  speed  reducer  transmissions  for  changing  the  intermedi¬ 
ate  and  high  pressure  turboset  speeds  to  3600  rpm,  for  genera¬ 
tion  of  60  Hz  electric  power  via  two  pole  alternators. 


The  reactor  thermal  power  is  shown  to  be  2365  megawatt- 
thermal  (MWt),  which  indicates  a  plant  thermal  efficiency  of 
42.3  percent.  Even  after  subtracting  the  approximately  three 
MWe  for  combined  pump  power  requirements  the  plant  effi¬ 
ciency  is  still  above  42  percent  for  the  950  K  TIT,  requiring  a 
reactor  outlet  temperature  of  under  990  K,  assuming  high 
effectiveness  heat  exchangers.  Of  course,  just  like  for  the 
ORNL  MSR  system,  the  primary  reactor  fuel-coolant  is  urani¬ 
um  tetrafluoride  (U233F4)  which  may  also  contain  LiF-BeF2 
eutectic  in  solution.  The  secondary  heat  exchanger  fluid  is  LiF- 
BeF2  liquid  salt  with  a  melting  point  of  approximately  630  K. 

The  next  cycle  analyzed,  shown  in  Figure  4,  has  been  great¬ 
ly  simplified  by  removing  the  reheat  feature,  but  keeping  the 
three  series  intercooled  compressors.  The  TIT  is  still  950  K,  but 
the  output  power  level  is  reduced  to  100  MWe.  Note  that  the 
overall  pressure  ratio  for  this  system  is  approximately  2.21  (i.e., 
2.08  MPa:  0.94  MPa).  Even  though  there  is  no  ‘reheat’,  the 


834  K 
1.37  P 


100  MWe 


Gen  1 


7200  rpm 


997  K 


300  K 
0.94  P 


SKHX 


359  K 
0.941  P 


Recuperator 


mHe  =  189  kg/s 
Specific  Work  =  529  kJ/kg 


mLiF  =  480  kg/s 


mHe=  107  kg/s 
Specific  Work  =  933  kJ/kg 


Figure  4.  Schematic  of  100  MWe  liquid  fluoride  reactor  power 
plant  with  950  K  turbine  (no  reheat)  and  compressor  inter¬ 
cooling.  Plant  efficiency  is  approximately  41.3  percent. 


Figure  5.  Schematic  of  100  MWe  liquid  fluoride  reactor  power 
plant  with  1200  K  turbine  (no  reheat)  and  compressor  inter¬ 
cooling.  Plant  efficiency  is  approximately  50.5  percent. 


12 


The  WSTIAC  Quarterly  Volume  9 ,  Number  3 


http :  //wstiac .  alionscience .  com/quarterly 


http :  //wstiac .  alionscience .  com/ quarterly 


Temperature,  K 


Figure  6.  Power  plant  efficiency  as  a  function  of  turbine  inlet 
temperature  for  only  intercooled  (one  turbine)  and  intercooled 
+  reheated  (three  turbines)  -  100  MWe  CCGT  power  plant. 


Temperature,  K 


Figure  7.  Power  plant  mass  flowrate  as  a  function  of  turbine  inlet 
temperature  for  only  intercooled  (one  turbine)  and  intercooled  + 
reheated  (three  turbines)  -  100  MWe  CCGT  power  plant. 


total  turbine  expansion  work  is  split  into  two  sections.  The 
high  pressure  turbine  (HPT)  work  is  dedicated  to  driving  the 
three  series  compressors  with  intercooling  after  the  first  and  the 
second  stage.  The  output  of  the  low  pressure  turbine  (LPT)  at 
a  TIT  of  834  K  is  used  to  drive  the  100  MWe  generator. 
Although  the  turbine  speed  still  optimized  at  7200  rpm,  high¬ 
er  power  output  levels  with  higher  machine  diameters  would 
lead  to  optimum  turbine  speeds  near  3600  rpm.  But  to  design 
a  3600  rpm  turbo-generator  for  a  100  MWe  output  the  oper¬ 
ating  pressure  levels  could  be  reduced,  albeit  the  turbomachine 
diameters  would  thereby  need  to  be  increased. 

Note,  that  even  without  reheat  the  plant  thermal  efficiency 
only  dropped  about  one  percent.  Compared  to  Figure  3,  the 
number  of  hot  side  heat  exchangers  has  been  reduced  from 
four  to  two.  Such  beneficial  results  with  intercooling  only  were 
also  pointed  out  in  the  reference  literature.  [13]  Note  that  the 
specific  work  parameter  has  decreased  to  about  530  kj/kg. 
This  is  indicated  by  the  relatively  high  He  mass  flowrate 
requirement  of  189  kg/s  for  this  100  MWe  power  output, 
when  compared  to  the  681  kg/s  mass  flow  for  the  1000  MWe 
case  of  Figure  3.  The  primary  and  intermediate  heat  exchang¬ 
er  mass  flows  were  computed  on  the  basis  of  thermal  capacity 
and  density  of  the  respective  liquid  fuel  (U233F4)  and  LiF- 
BeF2  heat  transfer  fluids. 

As  shown  in  Figure  5,  the  last  case  analyzed  was  for  a  100 
MWe  power  output  with  the  intercool  only  option.  But  the 
TIT  was  increased  to  1200  K,  thus  providing  a  cycle  tempera¬ 
ture  ratio  of  four.  For  this  higher  temperature  ratio  the  plant 
thermodynamic  efficiency  increased  to  50.5  percent  and  the 
overall  optimum  pressure  ratio  to  2.5.  The  specific  work 
parameter  almost  doubled  to  933  kj/kg.  This  is  as  also  reflect¬ 
ed  by  the  reduced  He  mass  flowrate  of  107  kg/s.  Note  also  that 
the  high  pressure  turbine  exit  temperature,  which  is  also  the 
inlet  temperature  for  the  low  pressure  turbine,  increased  from 
834  K  for  the  case  discussed  in  Figure  4  to  1061  K  for  this 
higher  TIT. 

The  higher  plant  thermal  efficiency  and  specific  work  val¬ 
ues,  coupled  with  lower  working  fluid  mass  flowrate  require¬ 
ment,  reinforce  the  fact  that  higher  peak  cycle  temperatures 
enabled  by  advances  in  high  temperature  materials  technology 
are  the  key  to  achieving  economies  in  lower  heat  input  require¬ 


ments  and  lower  component  sizes.  These  promising  trends 
augur  well  for  rewards  in  the  future  if  required  investments  are 
made  in  the  present. 

The  results  of  a  systematic  increase  in  TIT  from  650  K  to 
1300  K  for  intercooled  only  and  intercooled  +  reheated  gas  tur¬ 
bine  systems  are  shown  in  Figures  6  and  7,  respectively.  The 
first  case,  illustrated  by  the  red  curves,  represents  configuration 
of  three  series  compressors  and  a  single  turbine. 

The  second  case,  illustrated  by  the  blue  curves,  is  represen¬ 
tative  of  the  three  reheated  series  turbines  plus  three  series 
intercooled  compressor  case,  as  shown  in  Figure  3.  The  dramat¬ 
ic  increase  in  power  plant  thermal  efficiency  from  the  low  20’s 
percent  range  for  a  TIT  of  650  K,  to  over  53  percent  at  a  TIT 
of  1300  K  is  shown  in  Figure  6.  For  the  change  in  turbine  inlet 
temperature  shown  the  optimum  pressure  ratios  increase  from 
about  1.8  to  2.5  for  the  intercool  only  case.  But  for  the  inter¬ 
cool  +  reheat  case  the  optimum  pressure  ratios  increase  from 
about  2.8  to  near  8.0  over  the  same  temperature  range.  Due  to 
the  higher  pressure  ratios,  the  isentropic  compressor  efficiencies 
are  lower  for  the  same  polytropic  value  of  86  percent  as  shown 
in  Table  2.  This  explains  why  the  efficiency  values  for  the  inter¬ 
cooled  only  configuration  surpass  those  for  the  intercool  + 
reheat  at  the  high  turbine  inlet  temperatures.  But,  regarding 
total  helium  mass  flowrate,  Figure  7  shows  that  while  the  mass 
flow  decreases  by  a  factor  of  approximately  six  over  the  temper¬ 
ature  range,  the  three  turbine  intercool  +  reheat  configuration 
requires  less  than  half  the  mass  flow  of  the  intercool  only 
option.  Since  turbo-machine  and  heat  exchanger  size  at  the 
same  operating  pressure  is  proportional  to  working  fluid  mass 
flow,  having  larger  sized  components  is  the  cost  for  reduction 
in  system  complexity  offered  by  the  single  turbine  intercool 
only  option. 

PLANT  SUB-MARINE  BASING  AND  HIGH  VOLTAGE 
DC  POWER 

Although  proposed  here  only  in  conceptual  form  with  detailed 
designs  to  be  generated  at  some  future  time,  an  LFTR-CBC 
power  plant  could  be  based  offshore  in  a  large  submarine  pres¬ 
sure  vessel  and  the  three  phase  alternating  current  (AC)  power 
generated  could  be  transformed  to  high  voltage  (HV)  before 
rectification-conversion  to  HV  direct  current  (DC)  and  trans- 
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mission  via  submarine  cables  to  users  in  coastal  regions.  A  pre¬ 
liminary  electrical  wiring  scheme  for  power  output  from  two 
parallel  turbo-generators  is  shown  in  Figure  8. 

The  generator  employed  for  the  conversion  process  is  an 
AC  synchronous  generator.  The  generated  AC  voltage  is  con¬ 
verted  into  DC  voltage  using  a  rectifier.  A  converter  trans¬ 
former  is  employed  to  step  up  the  generated  voltage  to  the  nec¬ 
essary  transmission  voltage  level.  The  converter  transformer 
has  two  secondary  windings,  a  delta  and  a  Y-winding.  This 
construction  facilitates  a  12-pulse  rectification  in  the  rectifiers. 
The  construction  of  the  converter  transformer  also  suppresses 
the  fifth  and  the  seventh  harmonic  in  the  system.  The  DC 
voltage  output  from  the  AC-DC  rectifier  has  very  low  ripple 
and  hence  low  losses.  Smoothing  reactors  are  employed  to 
reduce  ripples  from  the  system  in  conjunction  with  DC.  The 
layout  of  a  HVDC  transmission  system  is  shown  in  Figure  8. 
The  mechanical  energy  filters.  This  improves  the  power  quali¬ 
ty  of  the  transmitted  power.  The  smoothing  reactor,  DC  filter 
also  act  as  protective  devices  and  reduce  the  current  surges  in 
the  system,  in  case  of  a  fault.  The  smooth,  filtered  DC  voltage 
is  transmitted  via  submarine  HVDC  transmission  cable.  The 
transmitted  DC  has  to  be  converted  back  to  AC  voltage  for 
transmission  and  distribution  purposes.  The  DC  is  converted 
into  AC  by  employing  a  low  loss,  high  efficiency  multilevel 
converter.  The  inverted  voltage  is  stepped  up  or  down  depend¬ 
ing  on  the  voltage  on  the  terrestrial  grid.  The  layout  shows  the 
other  protective  devices  in  the  system.  Some  obvious  advan¬ 
tages  of  a  HVDC  over  HVAC  transmission  system  are: 

1 .  Economically  cheaper — two  cables  only 

2.  Efficiency  as  the  system  losses  are  lower 

3.  Reliability — underground  cable  location 

4.  Security — buried  or  under-ground  cables  are  less  prone  to 
sabotage 

The  offshore  basing  of  nuclear  power  plants  would  also  make 
them  more  acceptable  for  location  within  a  few  miles  of  metro¬ 
politan  centers. 

CONCLUDING  REMARKS 

Conceptual  designs  for  ground-based  gas  turbine  energy  con¬ 
version  power  plants  with  advanced  nuclear  fission  reactor 
heat  input  were  analyzed  using  an  author  generated  code  with 
the  capability  to  model  gas  turbine  power  systems  with  com¬ 


pressor  intercooling  and/or  turbine  reheat  provisions.  It  was 
shown  that,  given  high  quality  heat  exchanger  and  turbo¬ 
machine  technology  with  1200  K  inlet  temperature,  power 
plants  with  a  thermodynamic  efficiency  of  30  percent  could  be 
constructed. 

In  particular  a  nontraditional  nuclear  fuel,  namely  urani¬ 
um-233,  derived  from  natural  thorium,  nuclear  power  plants 
using  a  liquid  fluoride  thorium  reactor  would  offer  great  ben¬ 
efits  for  ensuring  future  energy  supplies,  reduction  of  adverse 
climate  effects  due  to  greenhouse  gas  emissions,  and  invigora- 
tion  of  the  world  wide  economy.  With  the  inherently  higher 
proliferation  resistance  of  the  thorium  fuel  cycle  LFTR’s  meet 
the  requirements  of  the  Gen  IV  nuclear  power  plants  as  spelled 
out  in  the  Energy  Policy  Act  of  2005. 

As  confirmed  by  an  author  generated  CBC  code,  even 
without  the  complexity  of  turbine  reheat  cycles,  using  inter- 
cooled  only  option,  at  least  50  percent  of  the  thermal  energy 
from  LFTRs  could  be  converted  by  gas  turbine  driven  genera¬ 
tors  (operating  at  approximately  1200  K  turbine  inlet  temper¬ 
ature)  for  electric  power  production  during  peak  demand  peri¬ 
ods.  Both  thermal  and  electrical  energy  would  be  available 
during  off-peak  periods  for  hydrogen  production  by  elevated 
temperature  electrolysis  of  water  or  chemical  processes  such  as 
the  water  gas  shift  reaction.  This  approach  would  both  supply 
electric  power  by  using  environmentally  clean  nuclear  heat 
which  does  not  generate  greenhouse  gases,  and  it  would  also 
provide  a  clean  fuel  for  the  future,  when,  due  to  increased 
global  demand  and  the  decline  in  discovering  new  deposits, 
our  supply  of  liquid  fossil  fuels  will  have  been  used  up  within 
the  next  30  to  50  years,  as  predicted  by  the  Hubbert  model 
and  confirmed  by  other  global  energy  consumption  prognoses. 

The  thermal  spectrum  LFTR  concept  is  inherently  safe, 
with  a  negative  temperature  coefficient  of  reactivity,  thus  mak¬ 
ing  a  core  meltdown  due  to  loss  of  coolant  impossible.  Since 
the  fuel  is  a  pumped  liquid  solution  of  LiF-BeF2-UF4  refuel¬ 
ing  can  be  accomplished  without  reactor  shutdown.  The  fissile 
fuel  can  also  be  made  proliferation  resistant  by  permitting  it  to 
be  contaminated  (denatured)  with  small  amounts  of  U232  to 
increase  its  dose  rate  which  would  greatly  reduce  its  unshield¬ 
ed  exposure  time  and  greatly  increase  detectability.  With  tho¬ 
rium  ores,  such  as  Monazite,  being  four  times  more  abundant 
in  the  earth’s  crust  than  uranium  ores,  over  60  percent  of  the 
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world’s  resources  are  located  in  the  following  democratic  coun¬ 
tries:  Australia  (18  percent),  United  States  (16  percent),  India 
(13  percent),  Brazil  (nine  percent),  and  Norway  (five  percent). 
Thus  future  global  energy  demands  could  be  met  by  these  tho¬ 
rium  sources  for  over  several  tens  of  millennia. 
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